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Abstract
The enhancement of charged-particle pairs with large pseudorapidity difference and small az-
imuthal angle difference, often referred to as the “ridge signal”, is a phenomenon widely observed
in high multiplicity proton-proton, proton-ion and deutron-ion collisions, which is not yet fully
understood. In heavy-ion collisions, the hydrodynamic expansion of the Quark-Gluon Plasma is
one of the possible explanations of the origin of the ridge signal. Measurements in the e+e− colli-
sion system, without the complexities introduced by hadron structure in the initial state, can serve
as a complementary probe to examine the formation of a ridge signal. The first measurement of
two-particle angular correlation functions in high multiplicity e+e− collisions at
√
s = 10.52 GeV
is reported. The hadronic e+e− annihilation data collected by the Belle detector at KEKB are
used in this study. Two-particle angular correlation functions are measured over the full azimuth
and large pseudorapidity intervals which are defined by either the electron beam axis or the event
thrust as a function of charged particle multiplicity. The measurement in the event thrust analysis,
with mostly outgoing quark pairs determining the reference axis, is sensitive to the region of addi-
tional soft gluon emissions. No significant ridge signal is observed with either coordinates analyses.
Near side jet correlations appear to be absent in the thrust axis analysis. The measurements are
compared to predictions from various event generators and expected to provide new constraints to
the phenomenological models in the low energy regime.
PACS numbers: 12.38.-t,12.38.Mh,25.75.-q
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Two-particle angular correlation functions are a well-established means for the studies of
Quark-Gluon Plasma (QGP) formation in nucleus-nucleus collisions [1–4]. A ridge-like struc-
ture for particle pairs having large differences in pseudorapidity (∆η, where η = − ln tan θ/2
with the polar angle θ defined relative to the counterclockwise beam), but small differences
in azimuthal angle (∆φ), has been observed in such collisions. This signal is interpreted
as a consequence of hydrodynamical expansion of the QGP with fluctuations of the initial
density and spatial overlap distributions of the colliding ions [5, 6]. The ridge-like signal was
also observed in high charged-particle multiplicity events in proton-proton, proton-nucleus,
deutron-nucleus and helium-nucleus collisions [7–15]. However, the physical origin of the
ridge signal in these smaller collision systems is not yet understood [16, 17]. In hadron initi-
ated collision systems, the complexity introduced by initial states cannot be easily factored
out. A large number of theoretical models based on different underlying mechanisms such
as partonic initial state correlations [18], final-state interactions [19, 20] and hydrodynamic
medium expansion [21] have been proposed to explain the observed ridge-like signal in small
systems.
The measurement of high charged-particle multiplicity events originating from the two-
quark system could offer significant insights into the origin of the ridge-like signal [22].
Recently, experimental studies have been extended to even smaller collision systems such as
electron-ion [23] and electron-position (e+e−) [24] collisions. No significant ridge-like signal
was observed in these measurements.
Taking advantage of the clean environment in e+e− collisions and high-statistics data
collected by the Belle detector at KEKB, the analysis is performed for the first time at a
center-of-mass energy of
√
s = 10.52 GeV, which is 60 MeV lower than the Υ(4S) reso-
nance, closely following the previous analysis procedure with ALEPH archived data [24]. In
addition, it is suggested that the measurement of the two-particle correlation function can
provide new inputs to the phenomenological fragmentation models at the low energy regime.
The Belle detector was a large-solid-angle magnetic spectrometer that consisted of a
silicon vertex detector (SVD), a 50-layer central drift chamber (CDC), an array of aerogel
threshold Cherenkov counters (ACC), a barrel-like arrangement of time-of-flight scintillation
counters (TOF), and an electromagnetic calorimeter (ECL) comprising CsI(Tl) crystals
located inside a superconducting solenoid coil that provided a 1.5 T magnetic field. An iron
flux-return located outside of the coil was instrumented to detect K0
L
mesons and muons
(KLM). The detector is described in detail elsewhere [25]. Overall, a data sample of 31.5 fb−1
is utilized in this analysis.
Hadronic event selections [26], including requirements on event multiplicity and energy
sum in the ECL, are adopted to suppress contaminations from two-photon, radiative Bhabha
and other QED events. Particles used in the calculation of the two-particle correlation func-
tions are primary charged tracks, defined in this study as prompt tracks or decay products of
intermediate particles with proper lifetime τ < 1 cm/c for the event generator or the trans-
verse component of the decay vertex Vr < 1 cm in the event reconstruction. Charged tracks
are required to be within the detector acceptance, i.e., 17◦ ≤ θ ≤ 150◦, and have a transverse
momentum in the center-of-mass frame greater than 0.2 GeV. Impact parameter require-
ments are adopted to select charged tracks within ±2 cm with respect to the interaction
point in the transverse plane, and ±5 cm along the z direction. For pairs of low-momentum
curling tracks, the softer one is deemed a duplicated track and is hence removed. Tracks
from photon conversion candidates are vetoed, with the latter selected using requirements
on the invariant mass and decay-vertex radius of the two tracks. To eliminate the effects of
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the nonuniform detection efficiency and misreconstruction bias, efficiency correction factors
are derived by the EvtGen [27] and pythia [28] based Belle Monte Carlo (MC) sample,
where hadronic qq¯ (q = u, d, s, c) fragmentation as well as low multiplicity e+e− → τ+τ−
and two-photon processes are taken into account. The MC sample is reweighted to match
event multiplicity and thrust spectra of the data in order to correct for the imperfection in
MC simulation. In order to study the multiplicity dependence of the correlation function,
the events are binned into multiplicity classes using offline multiplicity, denoted NOfflineTrk , and
counting tracks after all selections. For low multiplicity events with NOfflineTrk < 12, only a
sample size of 11.5 fb−1 is used. The multiplicity classes used in this study, their correspond-
ing fraction of data, and the mapping of average offline multiplicities 〈NOfflineTrk 〉 to average
multiplicities after efficiency correction 〈NCorrTrk 〉 are listed in Table I.
TABLE I: Average multiplicities and corrected multiplicities of different NOfflineTrk intervals.
NOfflineTrk interval Fraction of data (%) 〈NOfflineTrk 〉 〈NCorrTrk 〉
6 ≤ NOfflineTrk < 10 43.56 6.97 7.05
10 ≤ NOfflineTrk < 12 2.58 10.26 10.12
12 ≤ NOfflineTrk < 14 0.28 12.20 11.88
NOfflineTrk ≥ 12 0.29 12.32 11.99
NOfflineTrk ≥ 14 0.02 14.22 13.72
Following a procedure similar to that has already been established in Ref. [9], the two-
particle correlation function observable is defined as
1
Ntrig
d2Npair
d∆ηd∆φ
= B(0, 0)× S(∆η,∆φ)
B(∆η,∆φ)
, (1)
where Ntrig denotes the number of trigger particles in the event. The signal correlation
function, S(∆η,∆φ), counts the yield of particle pairs matched per trigger particle within a
single event. The denominator B(∆η,∆φ) denotes the background correlation distribution,
counting the per-trigger-pairing-yield with a “mixed event” [7]. Two functions express the
particle pairs’ angular separation ∆η and ∆φ, with the pairing-yields reweighted by efficiency
correction factors, and can be explicitly written out as
S(∆η,∆φ) =
1
Ntrig
d2N same
d∆ηd∆φ
, B(∆η,∆φ) =
1
Ntrig
d2Nmix
d∆ηd∆φ
, (2)
where the superscripts “same” and “mix” indicate that particle pairs are taken from the
same and mixed event, respectively. The mixed event in this work is an average of tracks
coming from three random events where NOfflineTrk is the same as the event to which the trigger
particle belongs. The B(0, 0) factor is incorporated in the calculation of the correlation
function, serving as the normalization of the artificially constructed B(∆η,∆φ). This factor
is obtained by extrapolating the function value to the origin of B(∆η,∆φ). An additional
correction on the correlation function is applied to deal with the effects introduced by using
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finite-bin histogramming to approximate the density function. The bin-size effect on the
integrated long-range yield is investigated and the magnitude of the correlation function is
calibrated.
The two-particle correlation function is explored in two coordinate systems – beam and
thrust axis coordinates in the e+e− center-of-mass frame. The former is the same as those
presented in most of the two-particle correlation studies, while in the latter, initiated by
Ref. [24], the event thrust axis is used as the reference axis, with missing momentum of
the event included. In the viewpoint of relativistic fluid dynamics [29], conventional mea-
surements in beam axis coordinates are sensitive in their transverse directions, probing any
anisotropic behaviour among the QCD medium, which are widely studied as the phenomena
of elliptic or triangular flow [6, 30, 31]. In a different kind of search in the e+e− annihilation
process, when the interaction medium is located in between or along the color string con-
necting the qq¯, measuring with a coordinate system defined by the event thrust axis provides
a more explicable picture. In analogy to the beam axis analysis, correlation functions un-
der thrust axis coordinates are less sensitive to quark-initiated jets close to the thrust axis;
however, they offer a better description in the mid-rapidity region, where additional soft
gluon emissions apart from the leading quark-antiquark dijet like structure arise in higher
order corrections. In the thrust axis coordinate analysis, the kinematics (pT, η, φ) of a mixed
event are calculated with respect to the thrust axis of the event in which the trigger particle
belongs. For the event mixing in the thrust axis analysis, no further requirements to the
mixed events are applied except the multiplicity matching. A reweighting correction for the
kinematics distribution of the mixed event is adopted in order to match physical kinematic
spectra.
In Fig. 1, correlation functions with offline multiplicity NOfflineTrk ≥ 12 are shown for both
beam and thrust axis coordinates. In the beam axis coordinate view, the peak near the
origin (∆η,∆φ) = (0, 0) has contributions from pairs originating in the same jet, while the
structure at ∆φ ≈ pi is from back-to-back correlations. The particles in e+e− collisions
mainly come from dijet-like qq¯ events. In contrast, for the thrust axis coordinates, the
dominant structure is the hill-like bump near (∆η,∆φ) ≈ (0, pi), while lacking a sizeable
near-side correlation.
Evidence for the ridge signal can be best examined in the azimuthal differential yield
Y (∆φ) by averaging the correlation function over the long-range region with 1.5 ≤ |∆η| <
3.0. A “zero yield at minimum”(ZYAM) method [32] is further implemented to separate any
enhanced near-side correlation around ∆φ = 0 as distinct from a constant correlation. The
constant contribution along ∆φ, denoted as CZYAM, is estimated by the minimum of the fit
with a third-order Fourier series to the data points. A fit with a third-order polynomial plus
a cosine term, and with a fourth-order polynomial are also checked to estimate CZYAM in
parallel. The discrepancies of different fit evaluations are considered as a source of systematic
uncertainties in the final quantification of the ridge signal.
The systematic uncertainties due to the selection and correction operations are calculated
with respect to long-range Y (∆φ). Hadronic event selection is examined by tightening the
energy sum cut in the ECL from Esum > 0.18
√
s to 0.23
√
s, yielding a 0–1% difference we
assign as an uncertainty. The primary particle selection systematic is estimated by making
variations in the proper lifetime cut τ < 1 cm/c and vertex cut Vr < 1 cm, which gives up
to 6.3% uncertainty. A 0.35% uncertainty is quoted for the track reconstruction efficiency.
For high-multiplicity event classes, dominant sources of systematic uncertainties are event
selection and primary particle selection, where the estimation of uncertainties suffers from
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FIG. 1: Two-particle correlation functions for beam (left) and thrust (right) axis analyses with
offline multiplicity NOfflineTrk ≥ 12.
the need of large statistic in order to derive a precise reweighting factor for the efficiency
correction and for the mixed events. For low multiplicity classes, the dominant source of
uncertainty is due to tracking. Other uncertainties originate from MC reweighting, the
B(0, 0) factor, mixed events reweighting, scaling corrections due to bin effect and residual
bin effects studied, which are checked to contribute less than 0.5% uncertainty for each
source of uncertainty.
Fig. 2 shows the measurement of long-range Y (∆φ) after performing the ZYAM method,
along with the comparison of predictions from Belle MC, herwig 7.1.5 [33] and sherpa
2.2.5 [34] event generators. The region with small azimuthal angle difference (∆φ ≈ 0) is
where possible ridge signals would be visible as a nonzero value. In the beam axis coordi-
nates, all generators are consistent with data in the near-side ridge region, but deviate in the
away-side region. Under the thrust axis analysis, the Belle simulation, with specific tunes
subjected to Belle data, gives a better description of data. A larger discrepancy from data is
seen in the herwig simulation, especially in the near-side ridge-prone region and away-side
region.
The significance of any ridge signal can be quantified by integrating over Y (∆φ) from
∆φ = 0 to where the ZYAM fit minimum occurs. There is no obvious ridge-like structure in
either beam or thrust axis analysis. As a result, a bootstrap procedure [35] is implemented
and the confidence limit of the integrated ridge yield is reported. In the bootstrap procedure,
each azimuthal differential yield distribution is varied according to their statistical and
systematic uncertainties. Each yield distribution is sampled 2 × 106 times, and 95% upper
limits are reported. For results with scarce ridge signal, an over 5σ significance level for
measuring less than 10−7 ridge yield is quoted, instead. The upper limits as a function of
〈NCorrTrk 〉 are shown in Fig. 3.
In summary, the first measurement of two-particle correlations using beam and thrust
axis coordinate systems, performed using hadronic e+e− collisions at
√
s = 10.52 GeV
is reported. A strong exclusion of ridge yield under the beam axis coordinate frame is
set. Compared with measurements in hadronic collision systems and in high energy e+e−
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FIG. 2: Comparison of ZYAM-subtracted Y (∆φ) in the range 1.5 ≤ |∆η| < 3.0 for beam (left)
and thrust (right) axis analyses. The colored bands show simulation predictions from Belle MC
(green), herwig (blue) and sherpa (violet). The error bars on the data represent the statistical
uncertainties, and the gray boxes are systematic uncertainties.
collisions, the correlation function distribution is heterodox when viewed in the thrust axis
coordinate frame, with near-side peak structure, interpreted as intra-jet correlation, not
being seen. Investigations show the magnitude of the near-side peak in the correlation
function is strongly correlated with the collision energy when represented under thrust axis
coordinates. 95% upper limits or a 5σ exclusion are set for the absence of any ridge yield
in our measurement. Belle MC sample, along with herwig and sherpa event generators
are examined. Similar to the conclusion from the previous analysis with ALEPH archived
data, the results in this study are found to be better described by pythia and sherpa than
herwig.
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